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I NTRODUCT ION
The environment is a complex of so many factors, all interacting wi th each other, that it is impossible to isolate any one factor that does not influence another.
For the study of environmental effects, however, this complex is usually subdivided into clearly defined units. One of these units is the soil, which is vitally important for plant growth and development. Soil in itself represents a complicated physical, chemical, and biological system by which the plant is supplied wi th the water, nutrients, and oxygen i t requires for i ts development.
Although over the centuries plants have adapted themselves to various kinds of soil, the adaptation capacity of certain species is limited. This can be clearly seen when soil properties alter. The nature of the soil determines whether a species will thrive and influences its natural distribution. Within small areas, slight local variations in the soil may be sufficient to affect a plant's chances of survival.
The physical properties of soil are known to be of funrbmental importance for plant growth, but much of the literature on the subject is qualitative or vague. This is not surprising in view of the difficulty one encounters in attempting to di vide the edaphic factors unambiguously into physical, chemical, and biological classes. Most physical phenomena have important effects on the chemical and biological soil properties and processes, and these in turn influence plant growth.
Soil is a physical system and can be described in terms of grain size, apparent density, porosity, moisture content, temperature, and friability. Plant growth is affected by the amount of moisture and air in the soil and by the temperature of the soi1. The composition of the soil can impede or foster root development and shoot emergence. It should be mentioned, too, that the physical features of the soil have certain indirect effects on other edaphic factors such as nutrient supply and pH.
Unlike mobile organisms, terrestrial plants are bound to the soil where the seed has fallen. Plants generally have to cope with a hostile environment and may not survive, but in course of time every type of soil, however hostile, becomes covered with vegetation. Since the type of vegetation depends on the prevailing soil conditions, in a sense each particular vegetation is adapted.
In nature, however, plant species are rarely found on the soils whose physical conditions are optimal for their growth and performance. Comparative experiments with various plants show that the general shape of the curve representing the response to the degree of severity of adverse conditions (such as oxygen deficiency, soil compaction, lowsoiltemperature, high sodium chloride concentrations) is very similar to all plants, whether or not they are adapted. Minor differences in a single soil factor are sufficient to cause minute variations in the occurrence of plant species in the field. Comparative experiments have also shown not only that plants have a tremendous plasticity that enables them to survive under adverse conditions but also that species develop different strategies in order to survive. We do not fully understand many plant-soil relationships because we do not have sufficient knowledge about: a) the physical conditions of the soil in spa ce and time; b) the differences in a plant' s response at various developmental stages; c) the plant' s response to changes in the degree of adversi ty of conditions; d) the extent to which a plant' s response is determined by the interaction of other factors; e) methods to assess the effect of minor differences in response over a long period in a plant's life-cycle .
One of the serious drawbacks of ecophysiological experimentation is that we can hardly discern differences amounting to less than 5-10 per cent but in nature even smaller differences may determine discriminationinthe long run, especially in interspecific competition.
It is therefore with considerabIe diffidence that I present this paper, since it cannot solve the two main problems in plant ecology, namely: 1) Why are certain types of vegetation (species) restricted to a certain habitat, whereas others clearly prefer another set of conditions?
2) How can diversity of species in a vegetation he maintained for a relatively long period (measured by human standards) when so many individuals are all dependent on the same resources, i. e., light, water, and mineraIs?
The second of these problems is the more challenging one, since we know that in contrast to the diversity in nature, competition experiments almost invariably resul t in survival of. only one of the competing species (DE WIT 1960 If we want to obtain satisfactory answers we must pay close attention to the complete life-cycle of the species in question, since niche differentiation may show up in only one of the life stages (germination, seedling establishment, vegetative growth, generative growth, and dissemination or seed longevity).
Sometimes adaptation to a certain habitat can be due to relatively small differences in a number of aspects (PEGl'EL 1976; PONS 1976 PONS , 1977 , none of which alone would fully explain the species' preference for a particular habitat.
Since the ecophysiological approach is based on experience acquired in the field of crop physiology, possibly essential differences in behaviour between natural vegetations and crops must be taken into account. In both kinds of populations the individual responds to the complex of conditions but agricultural practice has selected for uniformity of response, whereas natural selection has of ten resulted in the maintenance of a certain degree of diversity and plasticity within a population. Moreover, the external conditions are much less predictable for natural vegetations.
SEED POPULATION AND SOIL PHYSICAL CONDITIONS

1. INTRODUCTORY REMARKS
The number of seeds in a population on or in the soil depends on the ra te of dissemination and on the rate at which seeds are lost through deterioration, germination, and consumption. Seed consumption will not be considered in this paper. The proceedings of a recent Nottingham Symposium on Seed Ecology (HEYDECKER 1973) have provided a considerable amount of information about the behaviour of seeds in general; the information is useful to both agriculturists and ecologists. The seed population is important not only because it determines the timing of germination but also because in a given locality it may represent a high percentage of the total number of individuals present in that locality (see also the paper by RABOTNOV in this volume). Depending on the type of dispersal, seeds pass from the plant and the place where they have been produced to a place on or in the soil where they will lie until conditions are suitable for germination and for growth into new plants. For the ultimate success of the seeds, both their longevity and their germination behaviour are important.
LONGEVITY OF SEEDS
It is well known that several ambiguous factors such as cool temperatures, low oxygen tension, and a low moisture content, all of which tend to decrease metabolic activity, increase the length of time that seeds can be stored (BARTON 1961; HARRISON 1966; ABDALLA & ROBERTS 1968) . This finding is surprising, and makes it difficult to explain why many seeds apparently retain their viability longer when buried in moist soil than when kept in dry storage (VILLIERS 1973) (Fig. 1) •
In an attempt to reconcile these different types of seed behaviour, VILLIERS (1973) showed that longevity is high at low water content (depending on the species, 5-8 per cent) and at high water content when the seed has fully imbibed.
He assumed that ageing phenomena occurred at all levels of water content. These ageing processes are assumed to result in cross-linkage of macromolecules, which render enzymes and membranes non-functional, and in a gradually increasing number af somatic mutations, manyof which may cause the production of defective proteins. 
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Influence of the water content of seeds during storage on longevity (VILLIERS 1973) By comparing the results of germination experiments with those of electronmicroscopical studies on the embryos, Villiers concluded that the functioning of macromolecule and organelle repair mechanisms was seriously impaired during air-dry storage at intermediate relative humidities of the air. In practice, the degree of ageing can be related to the amounts and kinds of substances lost by leaching from the seeds during soaking. According to SIMON (1974) , when dried seeds we re moistened again the initial leakage of electrolytes which normally decreased rapidly when the seeds reached a water content of about 15 per cent persisted due to the globular state of the plasma membrane of these dry seeds. This globular state is ineffecti ve in maintaining gradients of ions and charge across the memhrane. Af ter rewetting, the normal non-leaky bilayer structure is restored, a process which would take more time in aged seeds. In imbibed seeds stored in the soil, leakage wil 1 not occur while the seed remains viable, provided the membranes remain in good condition. Repeated alternation of drying and wetting, which of ten occurs in the upper soillayers, could ultimately lead to the complete exhaustion of accumulated solutes and could therefore prove very harmful. In this respect it is interesting to note that the reverse response has been reported more frequently. A number of authors (e.g. KOLLER et al. 1962; HEGARTY 1970; PEGTEL 1976) Although seeds have a fairly efficient repair mechanism, their ability to produce vigorous seedlings gradually declines during the ageing process.
3. OORMANCY
The fate of a seed af ter dissemination depends largelyon external conditions and its internal features. In many cases seeds are not able to germinate immediately af ter dissemination, even when conditions seem to be favourable.
These seeds are "dormant" (GOROON 1973) . The function of dormancy in determining the timing of growth resumption whenever external conditions become suitable is quite clear, but the phenomenon itself is very complex. For instance, dormancy may depend on a variety of internal features. The seed coat may be highly resistant to the diffusion of oxygen from the environment to the embryo.
Furthermore, the seeds coatings may contain substances that inhibit embryo growth and have to be broken down or rinsed out before germination can start. Dormancy mayalso be governed by an internal hormonal balance between growthinhibiting and growth-promoting substances in the embryo itself, i.e., a balance which is inadequate for growth initiation (HEMBERG1949 ; WAREING 1965; WAREING et al. 1973) .
In same cases the degree of dormancy of the seeds depends on theconditions to which the mother plant was exposed during frui t development. Very of ten , the inability to germinate directly af ter dissemination disappears for na apparent reason in a few weeks (af ter ripering). There is also a kind of dormancy that can be induced in normally non-dormant seeds by the application of special treatments such as high temperatures (thermo-dormancy) orosmotic stress.
The breaking of dormancy requires a specific sequence of external factors.
The li terature on dormancy and termination of dormancy is very extensi ve, and at first gives the impression that each case forms a separate problem. Only recently has some progress been made in formulating more unifying concepts (ROBERTS 1973 Although we still do not know the exact role of the PP pathway, the abovementioned working hypothesis is rather attractive and may help to reconcile a number of experimental results from various sources. Nevertheless, differences between species and within species between populations will have to be quantitatively specified if we want to understand their behaviour in thefield.
As an example of such a detailed approach, mention should be made of the studies done on the germination pattern of winter annuals by JANSSEN (1973a JANSSEN ( , 1973b JANSSEN ( , 1974 , who analyzed the effects of light and temperature on seed behaviour in combined laboratory and field experiments. These investigations included alleviation of dormancy, shifts in optimum and maximum temperatures from dissemination onward, and the interaction between light and temperature.
By applying experimentally obtained parameters to the physical conditions of the microsites, the author was able to use computer simulation to predict the behaviour of the seeds. The different behaviour of representatives of two microsites on dry sandy soils in the coastal dunes ne ar Oostvoorne (The Netherlands) was clarified in this way. Seeds of veronica arvensis and
Myosotis ramosissima appeared to be weIl adapted to their respective habitats.
PEGTEL (1976) Adaptation was assumed to be of little ecological value in this case, particularly since field tests showed that sown seeds of both varieties ultimately germinated in both habitats.
GERMINATION
Viable, non-dormant seeds germinate if the environment is suitable. The essential environmental factors are an adequate supply of water, a suitable temperature, an adequate supply of oxygen, and in some species either the presence or absence of light. According to most definitions, a seed may , be considered to have germinated when the radicle breaks through the seed coat.
Seedlings germinating on the ground become fixed in the soil by subsequent root growth. It is obviously important for this process to occur quickly, particularly at sites where conditions are subject to rapid changes. Seeds germinating within the soil must complete emergence before their reserves are exbausted. In any case, the germination process represents a risky period in the life-cycle of plants in the field.
Hence a seed's germination rate should be high in order to ensure rapid attachment to the soil and to diminish the risk. In most of the literature on germination the percentage of germinated seeds is plotted against time. A hundred per cent germination can be reached within one or two days or may take much longer even though the germination ra te of each individual seed is still fast. In this way the germination rate of the population is indicated and the curves show seed polymorphism (RORISON 1973) . A steep slope means that everything is staked on one throw (" gamblers") arid is therefore rather risky (JANSSEN 1973b) . The risks are mainly determined by changes in water availability, since the most sensitive tissue, the growing root-tip, is confined to the upper soil layer which is bound to follow changing weather conditions quite rapidly. In bare soil changes in temperature and water content are much more pronounced than when there is a cover, particularly at high levels of irradiance.
Young root parts of various species do not differ according to their function, which means that differences in sensitivity between species are mainly determined by either the rate of root differentiation or the capability of the root to resume growth upon alleviation of stress. These predominantly morphogenetic properties determine the changes of survival in environments with changing degrees of adversity (MILTHORPE & MOORBY 1974) .
Both the temperature and the water content of the soil are important in determining the rate of germination and the germination percentage ultimately reached. At constant temperatures the proportion of seeds that germinate tends to increase with rising temperature up to an optimum and then decreases at higher temperatures. The rate of germination follows the same pattern, but the optima frequently occur at slightly different temperatures (Fig. 2 , GULLIVER & HEYDECKER 1973) . In the ascending part of the curve the rate of germination appears to be almost linearly related to temperature. HEGARTY (1973) showed that diurnal fluctuations within this temperature range can be simply handled by using the ave rage value. Complications are encountered when non-linear parts of the curve have to be included, GULLIVER & HEYDECKER (1973) also reviewed the effects of water supply on germination. The response pattern to an increase in water supply is rather simi·lar to the pattern for temperature (Fig. 3) , despite the obvious dissimilarity of these factors.
An optimum cUrve has generally been demonstrated when the percentage germination was plotted against the water status of the substrate. High levels of water supply may eliminate some of the seeds, thus reducing the percentage germinated although still favouring the rate of germination of the surviving seeds .
• The most likely assumption is that an excessive water supply affects the emergence of seedlings by reducing oxygen availability. Due to subsequent crusting of the soil under field conditions, this situation may even continue for a certain time af ter a return to a lower water level.
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ESTABLISHMENT OF SEEDLINGS
Reserves present in the seed are limited. Hence, the seedling has in due course to supply itself with all the essentials for growth. Soil factors affect seedling growth via their influence on root growth and root activities.
The latter can be divided into two categories, viz. absorption of water and minerals, on the one hand, and, on the other, the synthesis of substances which are essential for shoot performance and are not (or insufficiently) synthesized in the shoot itself. In the past, most attention was paid to the meaning of the absorptive capacities of the roots for the performance of the whole plant, but more recently the emphasis has shifted to the role of rootborne growth essentials (e.g. hormones) in determining such processes like shoot growth, green leaf area duration, chlorophyll formation, and even the rates of photosynthesis and transpiration. The relative importance of these control systems may alter from case to case. As a whole, however, all these activities will depend on the supply of energy from the shoot. It has been shown repeatedly that there is an accurate control mechanism which regulates the feed back between root and shoot activities (BROUWER 1963; BROUWER & KLEINENOORST 1967) .
Since the basic problem of the young seedling is the energy supply, its success will depend on illumination conditions. If it is situated in a standing crop that absorbs most of the light, the energy supply will be poer.
Consequently, the over-all performance of the seedling will be bad and root growth will be more restricted than shoot growth. However, seedlings can perhaps survive for a rather long time in such a situation, because, to a certain extent, respir.ation losses are coupled to the available reserve of carbohydrate (McCREE 1970; PENNING DE VRIES 1975) . Nevertheless, some maintenance respiration will go on and the seedlings will require light intensities for themselves well above the compensation point. As shown by LAZENBY (1955) for Juncus effusus, the surrounding vegetation can seriously limit seedling survival. Slow growth mayalso affect the incidence of pathogens (HARPER et al. 1955) .
VEGETATIVE GROWTH
Within a vegetation much depends on the morphological characters and spatial distribution of shoot parts. A rosette plant is deemed to have fewer chances to reach the required level of illumination than tall species or plants with more vertically directed leaves. VAN OOBBEN (1967) and HARPER (1965) discussed the strategical implications on the basis of detailed comparison of the density-dependent mortality of broad-leaved horizontally developed plants and narrow-leaved upright plants.
When leaves reach a more exposed position, the energy supply improves but at the same time there is a greater need for root activities. In fact, the seedlings are now in the same situation as those growing from the very beginning on exposed areas. Freely growing plants and plants partiallyexposed Once the shoots have emerged, there is a distinct drop in optimum temperature. In this phase the absorption processes determine the growth rate.
The temperature curve is a reflection of the root activities and is determined by both the quantity of roots present and the absorption per gram of roots.
At a later stage, when the plants have developed a clnQed-crop surface, the rate of dry-matter production is the same over a large part of the temperature range. Only at very l~w temperatures at which the leaves are partly wilted does root temperature cause a measurable reduction in dry-matter production.
The dotted line in the top part of Fig. 4 shows the effect of the root temperature on plant height. The course of this line is also indicative of leaf area development. In such situations tal Ier plants are favoured in that they overshadow smaller plants. The results presented in Fig. 4 suggest the following interpretation. Root-zone temperatures primarily affect root growth and development. In addition, they determine the water permeability of the root tissue (KRAMER 1949) . As a consequence of the latter, the water supply to the shoot will be affected and this in turn will cause differences in leaf water potential and hence leaf-area development.
At very low root temperatures (5 and 10°C) there is hardly any extension growth, because leaf water potentials are very low. Despite the markedly reduced increase in leaf area, the photosynthetic activity is much less affected (GROBBELAAR 1963 The responses of bean plants to soil temperature, as discussed above, are representative for those plants in which the growing points of the shoot are situated well above ground level. In rosette plants and in grasses in the vegetative stage these growing points are located in or near the soil surface, and are therefore influenced by the soil temperature. As aresult, the growth of such plants is more profoundly affected by soil temperature (Fig. 5) , since not only root growth and root activity but also shoot development, e.g. leaf appearance (BROUWER et al. 1973) , are directly controlled by this factor. We find a different situation when we consider another factor in the root environment, namely gas-exchange restrictions. Much research has been done on the effects of poorly aerated soil on plant growth and performance (ARMSTRONG 1974) . Comparison of plants grown in well-aerated soils (weIl supplied with oxygen, no accumulation of CO 2 ) with plants grown in soils with reduced gas exchange invariably shows reduced root growth. Quantitatively, considerabIe differences between species occur (Fig. 8) . The penetration of roots into anaerobic layers depends on a number of internal and external factors. A high level of metabolism, high temperatures, and high organic nitrogen content all reduce maximum penetration considerably, e.g. in our experiments with waterlogged sandy soils, maize roots penetrated to a depth of 75 cm below the ground-water table at 15°C and low nitrogen nutrition. The depth of penetration was reduced to 20-25 cm at 25°C and a higher nitrogen nutrition level.
In their response to anaerobiosis, maize plants occupy an intermediate position between plant species whose roots hardly penetrate the anaerobic and 85 per cent, depending on the species (Fig. 9) (WILLIAMS & BARSER 1961; ARMSTRONG 1971) . Perhapsplants adapt more readily when less tissue has to be maintained. In this respect it is noteworthy that the development of similar cavities in the root cortex is induced by a deficiency of various mineral elements.
The adequacy of the oxygen supply to the active sites determines whether or not normal aerobic respiration can proceed. If it cannot, most plantsshift over to anaerobic dissimilation processes, and this leads to the accumulation in the plant root of toxic products such as ethanol and lactic acid. Adapted species have been shown to accumulate less toxic substances instead, for in stance shikimic acid and malic acid (ARMSTRONG 1974) . In addition to biochemical and anatomical adaptations,mention should be made of adaptations of the morphology of the root system. In wet soils an O 2 gradient will generally be maintained from the soil surface to the lower soil layers. Stronglyreduced root growth in deeper soil layers leads to enhanced induction and growth of (adventitious) roots at the stem base, where conditions are less adverse.
It is generally rather difficult to decide which factor limits root development in a particular case. As already mentioned, radial oxygen losses enable some plants at least to improve conditions in the direct vicinity of the roots. Differences between plant species include differences in sensitivity to a number of factors acting at the same time (SHEIKH 1970) .
Whereas root growth responses of various species to waterlogging tend qualitatively in the same direction although they differ greatly, the concomitant shoot responses show even greater deviations ' quantitatively. KLEINENDORST & BROUWER (1967) found that aeration of the nutrient solution affected rooting and subsequent growth of various clones of perennial ryegrass in a quite different way, since aeration proved to be more essential for root initiation than for root elongation. They also observed distinct clonal differences.
The effect of a transition from favourable to adverse conditions depends on the nature of adaptive differences. The time required by plants to adapt themselves to the new situation determines their chances of survival (BROUWER & WIERSUM 1977) . Rapid responses are required to meet a suddenly inadequate water supply or increasedtranspirationrate, because water in the tissue has to be replaced continuously. With respect to the mineral supply, much greater variation is acceptable. The same holds for the carbohydrate supply, since a rather efficient feedback between photosynthesis and respiration is thought to exist. These characteristics vary according to the species.
The differences in response determine whether one species will win or hold its ground at one place and others will not. The responsesofbeans (Phaseolus) and willow cuttings (Salix spec.) to flooding may be mentioned as examples of such differential behaviour. Af ter a period of growth in well-aerated soil, root elongation in both species is stopped by flooding. (HAMMOND et al. 1955; SIEBEN 1963; BROUWER 1977) .
It should be mentioned again that the response depends to a great extenton the situation in the vegetation. The relative importance of a given soil factor for growth is greater for individuals in open vegetations than for those in a closed vegetation, since in the latter light is more likely to be the ultimate limiting factor. In such a situation, however, rather small differences in root response may have important consequences for the whole plant, sincebeing a little ahead in the beginning will have considerabie advantages in the competition for light as weIl as in the exploration of soil-bound resources (ELLERN et al. 1970 ).
GENERATIVE STAGE
Despite considerabie differences in the reproduction pattern (GRUBB 1977) of various species, some general remarks can be made. In plants in which the life-cycle is completed with flowering and subsequent seed formation, conditions during the vegetative stage determine both the size of the machinery for photosynthesis and the number of "sites" (seeds) that will be filled.
Usually there is a good correlation between the size of the plant and the number of seeds initiated, since both are mainly determined by the amount of light energy that has been captured (a certain degree ofphenotypicplasticity can be observed here). High fertility levels tend to favour vegetative growth rather than seed initiation; low radiation levels frequently tend to postpone the onset of flowering and, even more so, seed setting. Both phenomena can be ascribed to the low carbohydrate level prevailing under these conditions. Therefore, in determinate plants, which complete their life-cycle with seed ripeness, the amount of light intercepted before flowering determines the number of seeds, whereas the amount of light intercepted af ter flowering determines the total ultimate seed weight, provided no calamities occur in the interval. Such calamities may cause serious disturbance of the normally rather precise correspondence between the number of flowers and viabIe seeds.
Pollination is a particularly sensitive stage of the life-cycle, and is adversely affected by soil drought or by other soil conditions, such as flooding, which induce internal water deficits.
High air ~emperatures tend to have adverse effects as weIl. The success of seed-setting depends mainly on the balance between the levels of reserve carbohydrates and hormones produced by the developing fruits. Thus, in fertile soils or at low light intensities moderate drought may be favourable, since it tends to enhance the carbohydrate content. In determinate plants, af ter the onset of flowering, almost the entire dry-matter production is drained into the inflorescences. The first sign that this has started is that root growth is considerably reduced and fairly soon afterwards stops completely. This means that the roots produce less cytokinins and less of these substances is transported to the shoot. The resulting low cytokinin level in the leaves is the main reason for their senescence, which in turn is accentuated by unfavourable soil conditions (LIVNE & VAADIA 1972) . It is clear that the maintenance of a green, light-absorbing surface (leaf-area duration; WATSON 1947) af ter seed-setting will determine the mass and possibly also the quality of seeds. Very little is known, however, about the effect of physical soil conditions on seed quality.
Although an appreciable number of herb species reach the end of their life-cycle very soon af ter flowering, many species flower in successive waves, and in these species vegetative growth and reproduction to on simultaneously for a considerabIe time. In a sense this behaviour tends to spread the risk of complete failure. Reduction of seed-setting due to adverse soil conditions during one wave may be at least partially compensated for by the next wave. Evidence concerning this phenomenon is, however, very scarce in the ecological literature.
Spreading of the production of viabIe seeds has also been observed as a year-to-year variation in perennial species (GRUBB 1977) , but very little is known about the external factors that determine either failure or abundance.
DISCUSSION
On the question of the physical condition resulting in yellowing of shoots, BROUWER pointed out that this effect could be caused by low temperature as well as by oxygen deficiency. The process of yellowing associated with ageing could be stopped by a relatively rapid change in the stress situation if the air humidity is not too low.
ROZEMA (Amsterdam) then asked about the causal background of the increase in biomass production of flooding-tolerant plants under anaerobic conditions.
BROUWER thought that the effect may be due to an unaffected assimilation rate, an enhancement of the leaf area, or a reduced respiration.
WENT (Nevada) drew attention to the ecological importance of the experiments with varying levels of the water- correlation between the size of plants and the possibility for flowering and seed production he believed that the response will be the same as for vegetative growth.
VAN DER MEIJDEN (Leiden) asked about the ecological advantage of a high temperature demand for germination and the lower temperature optimum for growth. BROUWER confirmed the more general phenomenon of the need for high temperature at the early growth stages. At the moment, however, the ecological importanee remains uncertain.
